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AUTOPHAGY, OR SELF-EATING, is a regulated cellular process to reutilize intracellular organelles and proteins during starvation or nutrient deficiency. Autophagy also functions as a qualitycontrol mechanism for cells to handle ubiquitinated or misfolded proteins (15) . During autophagy, some of the cytoplasmic components are sequestered into double-membrane vesicles (autophagosomes) and degraded upon fusion with lysosomal compartments (27) . Autophagy is believed to serve either as a regulator in cellular homeostasis to prolong survival during nutrient deprivation, via regenerating metabolic precursors for macromolecular synthesis and ATP generation, or to serve as a quality-control mechanism (basal autophagy) by selective disposal of protein aggregates and damaged organelles (27, 39) . However, elevated autophagy is also observed in dying cells (10, 21, 23) . Increased autophagy has been reported in kringle 5-and endostatin-induced angiogenesis inhibition (36) and regression of hyaloid vessels during ocular development (17) , and both were reported to associate with increased apoptosis.
There are three forms of autophagy: microautophagy, macroautophagy, and chaperone-mediated autophagy (17, 24) . More than 30 autophagy-related proteins are involved in autophagy, and one of them is the microtubule-associated protein 1 light chain (LC3), which is important in the formation of autophagosome (43) . During autophagy, phosphatidylethanolamine will conjugate to the cytosolic form of LC3 (LC3-I) to form LC3-II (8) , and the LC3-II/LC3-I ratio is commonly used as an indicator for autophagy (19) . Autophagy participates in a wide variety of physiological and pathophysiological processes, including embryonic development (2, 34) . Its function has been studied extensively in lower eukaryotes, but data in vertebrate development remain limited (2) . Basal autophagy represents a reparative, life-sustaining process, but, paradoxically, unrestrained autophagic activity may promote cell death (type II program cell death) (7, 25) or apoptosis (38) . The role of autophagy in the pathogenesis of pulmonary vascular disease remains unclear, especially during the early developmental stage (38) .
Persistent pulmonary hypertension (PPHN) is a severe lung disease with high mortality that affects neonates during the perinatal transition (48) . Impaired vasorelaxation and decreased blood vessel density that leads to increased pulmonary vascular resistance are key components of altered adaptation in PPHN (13) . PPHN is associated with endothelial dysfunction and decreased nitric oxide (NO) production (6, 46) . Intrauterine ductus arteriosus constriction of fetal lambs during late gestation is the most commonly used animal model to study PPHN (9, 29) . Using pulmonary artery endothelial cells (PAEC) from this model, our group has reported that uncoupled endothelial nitric oxide synthase (eNOS) activity contributes to the decreased NO production with increased superoxide (O 2 Ϫ ) formation (20) . We recently also showed that PAECs from this animal model (PPHN-PAEC) have increased NADPH oxidase (NOX)-mediated O 2 Ϫ formation that contributes to increased apoptosis and impaired in vitro angiogenesis. N-acetylcysteine (NAC) (nonspecific antioxidant) and apocynin (NOX inhibitor) have protective effects that decrease apoptosis and improve angiogenesis in these cells (44) . Recent studies have demonstrated that reactive oxygen species (ROS) are important signaling molecules in autophagy (39) . Because O 2 Ϫ is known to be the major ROS that regulates autophagy (5), it is logical to consider that increased O 2 Ϫ production can also lead to increased autophagy in PPHN-PAEC. We hypothesize that 1) autophagy is increased in PPHN-PAEC compared with control PAEC, 2) autophagy is proapoptotic in PPHN-PAEC, and 3) increased autophagy contributes to the impaired angiogenesis in PPHN-PAEC.
In this report, we show that a positive feedback exists between NOX activity and autophagy in that inhibition of NOX decreases autophagy, and inhibition of autophagy in turn decreases NOX activity. These findings provide mechanistic explanation of how increased NOX activity contributes to impaired angiogenesis in PPHN-PAEC, which further supports our previous observation of impaired angiogenesis in PPHN-PAEC (44) .
MATERIALS AND METHODS
All animal studies were approved by Medical College of Wisconsin Institutional Animal Care and Use Committee (IACUC) and conformed to the current guidelines of NIH for care and use of laboratory animals. PPHN was induced by fetal ductus arteriosus constriction at 128 Ϯ 2 days gestation, term gestation being ϳ145 days (20) . Control fetal lambs received sham operation without ductal constriction. After 8 days of ductal constriction, the ewe was euthanized and fetal lungs were removed en bloc. PAEC were isolated from pulmonary arteries with the use of 0.25% collagenase type A, and cells were grown in endothelial growth media (20) . Identity of the cells was verified by staining for factor VIII antigen (14) and by acetylated LDL uptake (47) . PAEC from at least five fetal sheep each with PPHN or control were used for experiments between passages 3 and 6. Passage numbers of the control and PPHN-PAEC were the same for all experiments whenever indicated. Lung tissues from the right upper lobe of both PPHN and control lambs (4 in each group) were frozen in liquid nitrogen and kept in Ϫ80°C right after dissection.
Rabbit LC3B XP™ antibody was obtained from Cell Signaling (Boston, MA). Goat anti-p47 phox antibody, goat anti-p67 phox antibody, rabbit and goat anti-gp91 phox antibodies, nonspecific normal goat IgG, beclin-1 siRNA (cow), scramble siRNA, transfection medium, and transfection reagent were from Santa Cruz Biotechnology (Santa Cruz, CA). Annexin V-FITC/ propidium iodide (PI) apoptosis detection kit, mouse anti-Rac1 antibody, and growth-factor-reduced Matrigel were from BD Biosciences (Belford, MA). Dihydroethidium (DHE), 4-amino-5-methylamino-2=,7=-difluorofluoresceine diacetate (DAF-FM-DA), Opti-MEM I reduced serum medium, Lipofectamine LTX and Plus reagent, and Lipofectamine RNAiMAX Transfection Reagent were from Invitrogen (Carlsbad, CA). 3-Methyladenine (3MA), chloroquine (CQ), NAC, hydrogen peroxide (H2O2), and sodium 4, 5-dihydroxybenzene-1, 3-disulfonate (Tiron) were from Sigma-Aldrich (St. Louis, MO). 3MA was dissolved in doubledistilled water by heating up to 60°C just before use. Apocynin (Apo) was from Calbiochem/EMD Biosciences (La Jolla, CA) and was dissolved in ethanol.
Cell culture. PAEC were cultured in high glucose Dulbecco Modified Eagle's Medium (DMEM) supplemented with L-glutamine, 20% FCS and 1% antibiotic/antimycotic in humidified incubator at 37°C, 5% CO2-95% room air. Serum starvation was achieved by using 2% FCS in the culture medium, as we previously found that using 1% or less FCS in the media leads to extensive cell death in 2 h.
Enhanced green fluorescence protein (EGFP)-LC3 plasmid transfection. PAEC were seeded in Lab-Tek II four-well chamber slides (2 ϫ 10 4 cells/well), and media were changed into Opti-MEM-I for 1 h before transfection. EGFP-LC3 plasmids (4 g Addgene) were transfected into PAEC using Lipofectamine LTX and Plus reagent, and 12 h later the transfected cells were changed into medium with different treatments for another 12 h before photography was taken by fluorescence microscopy at ϫ10 (objective) magnification. Cells were randomly inspected and scored by a coauthor that was blinded to the treatments, and the percentages of cells showing GFP-LC3 punctate were calculated. Fifty GFP-positive cells were counted for each field, and cells having more than two GFP-LC3 punctates were taken as positive. For each culture condition, four fields were counted for analysis.
Autophagy inhibition. 3MA (5 mM), a class III phosphatidylinositol 3-kinase (PI3K) inhibitor (45), and CQ (2 g/ml), which increases lysosomal pH (12, 49) , were used to inhibit autophagy and added into culture media 4 h before harvesting the PAEC for analyzing NOX activity, protein expression of NOX2 subunits, and for determining LC3-I and II expressions. NH 4Cl (20 mM) was used to inhibit lysosomal enzymes for studying autophagic flux (4) .
Increasing ROS stress to PAEC. H2O2 was used to increase cellular ROS stress for its ability to enter into cells and to increase intracellular O 2 Ϫ production (50). Control PAEC were treated with 40 M H2O2 for 4 h before harvesting for immunoblots.
Immunoblotting and immunoprecipitation.
After treatments were applied, PAEC were scraped into RIPA buffer containing protease and phosphatase inhibitor cocktails (Sigma). The cell lysates were directly separated by SDS-PAGE and blotted with anti-LC3B antibody (1:1,000), and after electro-transfer to PVDF membrane, horseradish peroxidase-conjugated anti-rabbit IgG antibody (1: 10,000; Bio-Rad, Hercules, CA) was used to detect the signals.
Immunoblots were also blotted with rabbit anti-gp91 phox (1:500), mouse anti-Rac1 (1:1,000), goat, anti-p47 phox (1:1,000), or goat anti-p67 phox (1:500) and anti-␤-actin antibodies. Signals were generated using SuperSignal West Pico (Pierce, Rockford, IL) and recorded on CL-Xposure films (Pierce). The integrated optical density was processed by Image J. The LC3-II/LC3-I ratio was used as an indicator of autophagy (19) , and ␤-actin was used as loading control.
3MA or CQ was added when PAEC reached ϳ80% confluence and incubated for 4 h. PAEC cultures without either 3MA or CQ treatment were used as controls. Cell lysates were immunoprecipitated with goat anti-p47 phox antibody or nonspecific goat IgG as negative control before proteins were separated by SDS-PAGE and immunoblotted with rabbit anti-gp91 phox (1:500), goat antibody, anti-p47 phox (1: 1,000), or goat anti-p67 phox (1:500) antibodies. Cell lysates were also immunoprecipitated with goat anti-gp91 phox antibody followed by immunoblotting with goat anti-p47 phox antibody and rabbit antigp91 phox to study the association between p47 phox and gp91 phox . Signals were analyzed as described above. In vitro angiogenic activities. Tube formation, monolayer scratch recovery, and apoptosis were used to study the in vitro angiogenesis of PAEC according to previously published protocols (11, 44) .
Tube formation assay. Growth-factor-reduced Matrigel (50 l) was thawed at 4°C overnight and then added to each well of a 96-well plate and was allowed to polymerize at 37°C in a humidified incubator for at least 30 m before 4 ϫ 10 4 PAEC in 200 l of culture medium (5% FCS) were plated with/without 3MA or CQ. Capillary-like structures between cell clusters were measured as the tubes by one of the coauthors, who was blinded to the treatment. One picture with representative tube formation per well was taken 6 h after plating at ϫ10 (objective) magnification. Total tube length per high-power-field was measured for each picture for later analyses. Tube formation assay was also performed, with/without 40 M H 2O2, in control PAEC to evaluate the effect of ROS stress on tube formation.
Monolayer scratch recovery assay. PAEC were grown to confluence in six-well plates. The cells were serum starved for 90 m. Scratch lines were created by a 1-ml pipette tip, and the scraped cells were gently rinsed away with HBSS. The medium was then changed back to regular medium (20% FCS), with/without 3MA or CQ, for 20 h. Picture of the narrowest distance of the gap between the frontlines of recovery was taken by a coauthor who was blinded to the treatment.
Apoptosis. Apoptosis was evaluated by in situ TUNEL staining as reported by Sgonc et al. (41) . PAEC (3 ϫ 10 5 ) were cultured on the Lab-Tek II four-well chamber slides for 20 h with/without 3MA or CQ. The cells were fixed with 4% formalin in HBSS followed by 3% H 2O2 in methanol for 10 min at 25°C to quench the internal peroxidase activity. The cells were then permeabilized with 0.1% Triton X-100 on ice and treated with labeling mixture for 60 min at 37°C in the dark. Next the cells were pretreated with peroxidase converter solution for 30 min at 37°C and then stained with 3,3=-diaminobenzidine. Finally, hematoxylin and eosin stain was applied, and the dark brown stained nuclei were counted to obtain the percent of number of cells with apoptosis.
Annexin-V-FITC/PI staining kit from BD Pharmingen™ was used to study early stage apoptosis. PAEC at confluence were treated with 3MA or CQ for 4 h and then trypsinized. After washing twice with PBS, the cells were resuspended in 100 l 1ϫ binding buffer provided by the kit and stained with 2 l Annexin-V-FITC and 5 l PI at room temperature for 15 m in the dark after gentle mixing. The stained cells were then fixed with another 400 l binding buffer and analyzed on a fluorescence-activated cell sorting Calibur (Becton Dickinson, San Jose, CA) flow cytometer using CellQuest Pro software. A total of 20,000 cells were analyzed for each sample.
Measurements of ROS production by DHE staining. ROS production was evaluated by DHE fluorescence as we described previously (33, 44) . PAEC (1 ϫ 10 5 ) were seeded into each well of a Lab-Tek II four-well chamber slide for 2 h before treatment with 3MA or CQ at 37°C for 20 h. The PAEC were then incubated with HBSS containing DHE (5 M) for 15 min, with/without ATP (10 Ϫ5 M), at 37°C to detect the intracellular O 2 Ϫ levels. Fluorescence was imaged using a Nikon Eclipse TE200 fluorescence microscope with excitation and emission at 510 and 590 nm, respectively. Fluorescence was quantified using MetaView software and expressed as relative light units (RLU).
Measurement of NOX activity. PPHN-PAEC were grown in 60-mm plates to 80% confluence and then treated with 3MA, CQ, or double-distilled water (control) for 4 h. Cells were washed twice with ice-cold HBSS and scraped into 120 l of buffer (20 mM potassium phosphate buffer pH 7.0 and 1 mM EGTA). The cell suspension was freeze-thawed twice in liquid nitrogen and then passed through a 27.5-gauge syringe 10 times. The lysates containing 50 g of protein were mixed with 150 l of working solution (50 mM potassium phosphate buffer at pH 7.0, 1 mM EGTA, 150 mM sucrose, 100 M NADPH, and 5 M lucigenin) at room temperature. The chemiluminescence generated was measured by GloMax-Multi Detector System (Promega, Madison, WI) every 60 s for 10 min and expressed as RLU. Working solution without NADPH was used for background activity, and NADPH oxidase activity was obtained after subtracting the corresponding background activity. Tiron (50 mM) was used as the O 2 Ϫ scavenger in the assay. Protein contents were assayed by bicinchoninic acid (BCA) method. Data are expressed as RLU/mg protein.
Measurements of NO production. NO production was quantified using DAF-FM-DA fluorescence as we previously described (44) . PAEC were grown to ϳ80% confluence, and the medium was replaced with HBSS containing L-arginine (25 M) and DAF-FM-DA (5 M) and then incubated at 37°C. Half of the cultures were stimulated with the NOS agonist ATP (10 Ϫ5 M) for 10 m. The fluorescence was imaged under a fluorescence microscope (Ex 495/Em 515 nm).
Beclin-1 knockdown. SiRNA against bovine beclin-1 for reverse transfection was used according to the Lipofectamine RNAiMAX Transfection Reagent protocol. SiRNA (1 or 2 g per well), or scramble siRNA, was mixed with 500 l Opti-MEM-I reduced serum medium in six-well plates, and then Lipofectamine™ RNAiMAX 1 l was added and incubated for 20 min at room temperature. PPHN- PAEC (1 ϫ 10 5 ) suspended in antibiotic-free culture medium was added into the siRNA mixture for 72 h at 37°C in a humidified CO 2 incubator. Beclin-1 expression was assayed by immunoblot, and angiogenesis was studied by tube formation assay and monolayer scratch recovery assay.
Statistical analysis. Data were expressed as means Ϯ SE. Student's t-test, or Mann-Whitney U-test, was used for comparing two groups wherever appropriate. One-way ANOVA followed by Student-Newman-Keuls post hoc test was used for comparisons among more than two groups. A P value Ͻ0.05 was considered statistically significant.
RESULTS

Autophagy is increased in PPHN.
Increased LC3-II/LC3-I ratio (16) and increased GFP-LC3 punctate cells (31) are two commonly used indicators to assess autophagy (28, 49) . The LC3-II/LC3-I ratios are increased markedly in PPHN-PAEC compared with control PAEC (n ϭ 3, P Ͻ 0.001, Fig. 1A) . It is known for eukaryotes that growth factor, or nutritional, deprivation activates autophagy (34) . We, therefore, studied the effect of low content of FCS on autophagy in PAEC. The LC3-II/LC3-I ratios were higher in PPHN-PAEC in both 20% FCS (9.3 Ϯ 1.2) and 2% FCS (12.2 Ϯ 0.7) compared with the ratios in control PAEC in both 20% (1.8 Ϯ 0.1) and 2% FCS (2.3 Ϯ 0.3). The LC3-II/ LC3-I ratio was also higher in PPHN lung tissue (2.6 Ϯ 0.5) than the control lung tissue (0.6 Ϯ 0.2, n ϭ 4, P ϭ 0.013, Fig. 1B) . Serum starvation increased the LC3-II/LC3-I ratio, whereas the presence of NH4Cl further increased the ratio in control PAEC, indicating an increased autophagic flux (n ϭ 3, P ϭ 0.021, Fig.  1C ) in nutrient-starved control PAEC. Different from control PAEC, serum starvation with and without NH 4 Cl did not further increase LC3-II/LC3-I ratio in PPHN-PAEC (n ϭ 3, P ϭ 0.45, Fig. 1D ). These data suggest that the increased LC3-II/LC3-I ratio in PPHN-PAEC is mainly attributable to high basal autophagy with defective autophagic degradation (26) . The percent of GFP-LC3 punctate-positive cells was also higher in PPHN-PAEC (32.4 Ϯ 2.0% for 20% FCS, 34.8 Ϯ 2.2 for 2% FCS, n ϭ 3, P Ͻ 0.001, Fig. 2 ) than control PAEC (6.7 Ϯ 1.1 for 20% FCS, 7.0 Ϯ 0.9 for 2% FCS) when the cells were transfected with EGFP-LC3 plasmid. This further confirmed that autophagy is increased in PPHN-PAEC.
Autophagy inhibition improved in vitro angiogenesis in PPHN-PAEC.
We investigated whether increased autophagy contributes to the impaired angiogenesis in PPHN-PAEC (44) by using autophagy inhibitors. We tested two widely used autophagy inhibitors, 3MA and CQ, in these experiments. Similar to our previous report, PPHN-PAEC (Fig. 3E) had impaired tube formation compared with control PAEC (Fig.  3A) . Both 3MA (Fig. 3B) and CQ (Fig. 3C ) had no effect on tube formation in control PAEC (Fig. 3D) , but both had significantly increased tube formation in PPHN-PAEC (n ϭ 8, P Ͻ 0.01, Fig. 3, E-H) . The data suggest that increased autophagy is associated with impaired tube formation in PPHN-PAEC. The scratch recovery assay showed that, 20 h after scratch, the gaps almost disappeared in control PAEC (Fig. 4A ) with/without 3MA (Fig. 4B) or CQ (Fig. 4C) . Untreated PPHN-PAEC showed obvious gaps after 20 h. However, the gaps in PPHN-PAEC (Fig. 4D ) almost disappeared after 3MA (Fig. 4E) and CQ (Fig. 4F ) treatments (n ϭ 12, P Ͻ 0.001, Fig. 4G ). Autophagy inhibition is associated with decreased apoptosis in PPHN-PAEC. Appropriate amount of apoptosis is known to be an important part of angiogenesis, but exaggerated apoptosis can impair angiogenesis in PPHN-PAEC (44) . 3MA and CQ treatment decreased the percentage of apoptotic cells in PPHN-PAEC (2.3 Ϯ 0.5% and 2.2 Ϯ 0.3%, respectively, Fig. 5 , B and C) compared with untreated PPHN-PAEC (9.7 Ϯ 1.6%, n ϭ 8, P Ͻ 0.05, Fig. 5, A and D) by in situ TUNEL staining. Annexin-V/PI staining showed a high percentage (23.1 Ϯ 0.6%, Fig. 5E ) of early-stage apoptosis in PPHN-PAEC, whereas 3MA (10.6 Ϯ 3.0%, Fig. 5F ) and CQ (16.0 Ϯ 1.2%, Fig. 5G ) drastically decreased apoptosis (n ϭ 5, P ϭ 0.002, Fig. 5H ). These results indicate that inhibition of autophagy in PPHN-PAEC also decreases apoptosis.
Antioxidants decrease autophagy in PPHN-PAEC. We previously reported that decreasing ROS, either by NAC or Apo, in PPHN-PAEC increases angiogenesis (44) . Here we investigated their effects on autophagy in PPHN-PAEC. Both 3MA and CQ decreased the percent of GFP-LC3 punctate-positive cells in PPHN-PAEC transfected with EGFP-LC3 plasmid (8.0 Ϯ 2.5% for NAC and 8.0 Ϯ 1.4% for Apo vs. 34.3 Ϯ 1.9% for PPHN-PAEC, n ϭ 4, P Ͻ 0.001, Fig. 6, A-D) . The LC3-II/LC3-I ratio in these cells also decreased after NAC and Apo treatment (n ϭ 3, P Ͻ 0.05, Fig. 6E ). These findings suggest that ROS production leads to increased autophagy. 
Autophagy inhibition decreases ROS production.
To further elucidate the relationship between ROS formation and autophagy in PPHN-PAEC, we monitored ROS formation by DHE fluorescence in these cells. Both 3MA and CQ treatment decreased DHE fluorescence in PPHN-PAEC (n ϭ 10, P Ͻ 0.01, Fig. 7, A-D) . NOX activity in PPHN-PAEC (7.1 Ϯ 1.0ϫ10 6 RLU/mg protein) was decreased by both 3MA (2.0 Ϯ 0.8ϫ10 6 RLU/mg protein) and CQ (2.7 Ϯ 1.4ϫ10 6 RLU/mg protein). Tiron almost completely (99.6 Ϯ 0.1%) abolished the signals (n ϭ 4, P Ͻ 0.001, Fig. 7E ). These findings indicate that increased autophagy contributes to increased ROS, especially from NOX, in PPHN-PAEC. Scrambled siRNA did not alter DHE fluorescence signals in PPHN-PAEC (Fig. 7F) , whereas beclin-1 knockdown showed a trend for decreased DHE fluorescence (Fig. 7G) . However, the PPHN-PAEC activated by ATP (Fig. 7H) increased DHE fluorescence by approximately twofold after scramble siRNA, whereas beclin-1 knockdown significantly decreased the DHE fluorescence (n ϭ 8, P ϭ 0.035, Fig. 7, I and J).
Autophagy inhibition does not affect NO production in PPHN-PAEC. Another possibility for increased tube formation and decreased ROS production in PPHN-PAEC is the recoupling of eNOS. DAF-FM-DA was used to assess NO production. 3MA and CQ treatments did not alter the DAF-FM-DA fluorescence in PPHN-PAEC (data not shown), indicating that eNOS recoupling may not be the reason for the decreased ROS production after autophagy inhibition.
Autophagy inhibition decreases association between p47
phox and gp91 phox . NOX2 is one of the major ROS forming enzymes in PAEC, and its activity is increased in PPHN-PAEC (44) . Because gp91 phox , p22 phox , p47 phox , p67 phox , p40 phox , and Rac are believed to form a functional complex for NOX2-dependent ROS formation in endothelial cells (22) , we studied the effects of 3MA and CQ on interactions among NOX2 subunits by using immunoprecipitation and immunoblotting. The expression of p47 phox was decreased by 3MA and CQ, but the expression of p67 phox was increased by CQ. No significant changes in Rac-1 expression were observed by immunoblots in PPHN-PAEC (Fig. 8A) treated with 3MA or CQ. However, both 3MA and CQ decreased gp91 phox -p47 phox association in PPHN-PAEC detected by immunoprecipitation with p47 phox antibody (n ϭ 3, P ϭ 0.008, Fig. 8B ). The p47 phox -gp91 phox association in PPHN-PAEC was also decreased by 3MA and CQ treatment as detected by reverse immunoprecipitation using gp91 phox antibody (n ϭ 3, P ϭ 0.01, Fig. 8C ). The p67 phox -p47 phox association was not altered by either 3MA or CQ. These findings indicate that 3MA and CQ decrease NOX2 activity in PPHN-PAEC by decreasing p47 phox expression and the association between gp91 phox and p47 phox . Beclin-1 knockdown improves angiogenesis in PPHN-PAEC. Beclin-1 knockdown in PPHN-PAEC was able to decrease DHE fluorescence in PPHN-PAEC under ATP stimulation (Fig. 7, I and J). Immunoblots showed ϳ30% decrease in beclin-1 expression after knockdown experiments (n ϭ 4, P ϭ 0.023, Fig. 9A ). This beclin-1 knockdown improved both tube formation (Fig. 9, B-D) and scratch recovery (Fig. 9, E-G) in PPHN-PAEC. These results indicate that increased autophagy contributes to the impaired angiogenesis and increased NOX activity in PPHN-PAEC.
ROS stress increases autophagy and impairs tube formation in control PAEC.
Control PAEC formed appropriate tubular structures (Fig. 10A) , whereas H 2 O 2 (Fig. 10B ) decreased the tube formation by ϳ20% (n ϭ 10, P ϭ 0.001, Fig. 10C ). H 2 O 2 also increased the LC3-II/LC3-I ratio in control PAEC (P Ͻ 0.001, n ϭ 3, Fig. 10D ), whereas the presence of NH 4 Cl did not further increase LC3-II/LC3-I ratio, indicating a degrada- phox and gp91 phox in PPHN-PAEC. 3MA (hatched bar) and CQ (black bar) treatment decreased p47 phox expression, whereas CQ also increased p67 phox expression in PPHN-PAEC (A). Immunoprecipitation using p47 phox antibody and immunoblot with gp91 phox (empty bar) or p67 phox (black bar) antibody showed decreased association between gp91 phox and p47 phox in both 3MA-and CQ-treated PPHN-PAEC. Minus sign, negative control using nonspecific goat immunoglobulin for immunoprecipitation (B). Immunoprecipitation using gp91 phox antibody and immunoblot with p47 phox antibody showed decreased p47 phox association with gp91 phox in both 3MA-and CQ-treated PPHN-PAEC (C). *P Ͻ 0.05 compared with nontreated PPHN-PAEC.
tion block (26) in control PAEC under increased ROS stress similar to PPHN-PAEC.
DISCUSSION
In the present study, we observed evidence of increased autophagy in PPHN. This was demonstrated by both increased LC3-II/LC3-I ratio and an increased percentage of GFP-LC3 punctate-positive cells in PPHN-PAEC when cells were transfected with EGFP-LC3 plasmid compared with control PAEC (19) . Similarly, the increased LC3-II/LC3-I ratios were also observed in PPHN lung tissues compared with control lungs. The increased autophagy in PPHN-PAEC could not be explained simply by nutritional deprivation (35) , as, in our results, the changes in FCS contents did not significantly affect the difference of autophagy between PPHN-PAEC and control PAEC. The increased autophagy is mainly due to defective autophagic degradation, as lysosomal inhibition did not increase the LC3-II/LC3-I ratio in PPHN-PAEC (26) . Our results also showed that autophagy is proapoptotic and is associated with increased ROS production and impaired angiogenesis in PPHN-PAEC (Fig. 11) . NOX inhibition decreased autophagy in PPHN-PAEC, whereas autophagy inhibition decreased gp91 phox -p47 phox association and NOX activity with consequent improvement in angiogenesis. These data together provide evidence for a cross talk between NOX-dependent ROS generation and autophagy in PPHN-PAEC.
Two autophagy inhibitors, 3MA and CQ, which work through different mechanisms, were used in this study to inhibit autophagy. 3MA is a class III PI3K inhibitor that blocks the formation of preautophagosomes, autophagosomes, and autophagic vacuoles (32) , thereby decreasing autophagic flux. CQ abrogates the completion of auto-lysosome formation by increasing lysosomal pH and inhibits the completion of autophagy (19) . Inhibiting autophagy in PPHN-PAEC by 3MA or CQ is associated with decreased apoptosis and increased in vitro angiogenesis, indicating that autophagy itself is proapoptotic and contributes to the impaired angiogenesis in PPHN-PAEC. Beclin-1 knockdown improved angiogenesis in PPHN-PAEC, which further confirms that increased autophagy does contribute to the impaired angiogenesis in our PPHN model. We have previously reported that NAC and Apo decrease apoptosis and increase angiogenesis in PPHN-PAEC (44) . Both NAC and Apo also decreased PPHN-PAEC autophagy in this study, which supports the hypothesis that autophagy is proapoptotic and contributes to impaired angiogenesis in PPHN-PAEC. Many angiogenic factors inhibit endothelial cell apoptosis, and increasing evidences suggest that the induction of endothelial cell apoptosis may counteract angiogenesis (3). Angiogenic factors are especially important in the growth of developing lungs. Inhibiting autophagy may offer some benefits to patients with PPHN in their recovery process.
In addition to decreasing autophagy in PPHN-PAEC, we also observed decreased ROS formation in PPHN-PAEC by both 3MA and CQ treatment. This finding indicates that there is an association between autophagy and ROS formation in PPHN-PAEC. However, we did not see increased NO formation with 3MA or CQ treatment, suggesting that improved angiogenesis and decreased ROS formation are not mediated by eNOS recoupling (20, 33) . Our findings that beclin-1 knockdown decreased DHE fluorescence and improved angiogenesis in PPHN-PAEC further support the relationship between autophagy and ROS formation in PPHN-PAEC. The observation that H 2 O 2 decreased angiogenesis and increased autophagy in control PAEC indicates an important cross talk between autophagy and ROS formation in the developing lungs.
The mechanism by which 3MA and CQ decrease ROS formation in PPHN-PAEC was explored by studying the interaction among NOX2 subunits. There was a decrease in the expression of p47 phox , by 3MA and CQ treatments but an increase in p67 phox expression detected by immunoblots. Our data suggest that the decreased association between p47 phox and gp91 phox , and probably also the decrease in p47 phox expression, after 3MA and CQ treatments is the major mechanism for decreased NOX2 activity. It is known that a substantial proportion of NOX2 in the endothelial cells exists as a preassembled intracellular complex (22) , and a lack of association between p47 phox and gp91 phox can abolish NOX2-mediated ROS formation (41) . This finding suggests a possible mechanism by which autophagy inhibition decreases NOX activity in PPHN-PAEC.
There are several limitations to the present study. First, the animal model of PPHN we used did not allow us to study autophagic flux and prevented us from studying whether autophagy is also increased in the whole lung although the LC3-II/LC3-I ratios did show an increase in lung tissue harvested from PPHN lambs compared with controls (26) . Second, information about the sheep genome is limited, which precludes us from designing adequate siRNAs to study autophagy without off-target effects. This may explain the limited beclin-1 knockdown we observed in our study using bovine sequence siRNA and was also a reason why we relied on the chemical inhibitors in this study. However, the progress in the sheep genome project (1) may soon provide information for our future studies. Fig. 11 . The proposed relationship among autophagy, reactive oxygen species (ROS), and angiogenesis in PPHN-PAEC. PPHN-PAEC becomes a phenotype with increased ROS production that increases autophagy and leads to impaired angiogenesis. Increased autophagy in PPHN-PAEC also contributes to increased NOX activity. The increased NOX2 activity contributes to the increased ROS production in PPHN-PAEC. The best way to elucidate the role of autophagy in PPHN would be to conduct studies in intact animal models. However, the tools for studying autophagic flux reliably in vivo remains limited (37) . In addition, autophagy knockdown is an extreme event and might not be a reliable mimic of autophagy-deficient situations in physiological and pathological conditions. The newly invented zinc-finger nuclease-mediated gene knockdown may have the potential to create an appropriate animal model for our future studies, but reports in sheep models remain unavailable to date.
In conclusion, our study showed that autophagy is proapoptotic and contributes to impaired angiogenesis in PPHN (Fig.  10) . We also observed that increased NOX activity contributes to increased autophagy in PPHN-PAEC, whereas increased autophagy reciprocally contributes to increased ROS formation probably via NOX2. The relationship between ROS and increased autophagy in PPHN-PAEC may be different from other conditions. We believe that established PPHN creates a phenotype of PAEC with increased ROS formation from both eNOS uncoupling (20) and upregulated NOX activity (44) . The increased ROS formation in PPHN-PAEC may surpass the scavenging ability of intracellular antioxidant system. This may disturb lysosomal degradation with increased apoptosis and impaired angiogenic activity. PPHN is a disorder of developing lungs, and PAEC from this disorder may behave differently from PAEC from other developmental stages. This is the first report to demonstrate the role of autophagy in the impaired angiogenesis in developing lungs and provides modulation of autophagy as a potential therapeutic option in facilitating the growth of PPHN lungs. 
